Functional magnetic resonance imaging (fMRI) was used to assess the activity of supplementary motor area (SMA) in six right-handed and six left-handed healthy volunteers. Two manual tasks (self-initiated previously practiced and unpredictable visually guided) were used. Quantitative analysis of hemispheric and bilateral SMA activation was described as mean ± standard deviation of hot spots/total spots. The two tasks induced bilateral SMA activation. The laterality of SMA activation was affected by manual dominance. Left SMA was significantly more activated in rightand left-handers while performing the motor tasks with the right hand. Right SMA was more activated in the left-handers when the left hand was used. Task complexity was the most important factor influencing the degree of SMA activation.
Materials and Methods

Sample
Twelve healthy volunteers aged 25 -40 (average 30.5 ± 4.1) years and with third level education were recruited through a newspaper announcement ( Table 1) . The subjects were classified as right-handed (6) or left-handed (6) through the test for Manual Dominance (Handedness Inventory) [14] . A questionnaire designed to exclude any neurological and/or psychiatric disorder that could alter the performance was first completed by each volunteer. In all of them, the neurological examination was normal and the MRI excluded any type of malformation or expansive lesion of the central nervous system. Additional exclusion criteria included hearing impairment or contraindications for MRI scanning (e.g., metal implants, pacemakers, pregnancy and claustrophobia). The study was approved by the Ethics Committee of the Pontifical Catholic University of Rio Grande do Sul (PUCRS), Porto Alegre, Brazil, and was performed with the collaboration of the Image Diagnostic Center of the São Lucas Hospital. All the subjects gave their written informed consent. 
Image Acquisition
Experiments were performed on a 1.5 Tesla Siemens Magnetom Vision System by using a standard head coil. In order to avoid movement artifacts, the volunteers' heads were aligned with two steadying arms that formed part of the coil and all the participants were instructed not to move their heads. The image acquisition parameters were previously described [15] . A motion-correction factor was also applied. In each task run, a series of 108 measurements was acquired, each one with 17 images and a time interval of 3-s between each measurement. A total of five series of 12 measurements with the subject at rest, interspersed by four series of 12 measurements during finger-tapping were obtained. The entire experiment consisted of two experimental runs with each hand. The images were processed and the functional maps obtained by use of the software program Stimulate 5.8 from the University of Minnesota, Minneapolis, USA [16] installed on a Silicon Graphics workstation. The data analysis was performed by comparing the EPI images obtained during the rest (control) periods and the task periods using Student's t-test. Afterwards, the data from each experiment were normalized for the Talairach coordinates, and the individual maps were compared voxel by voxel after sagittal reconstruction in 3D (spatial) and SMA anatomical delineation in accordance with parameters that will be described below. Each volunteer generated the following data: proportion of the number of hot (activation) spots as against the total number of spots included in the SMA (bilateral, left, and right) in both tasks (A and B)-these were inserted into a Microsoft Excel program chart and later submitted to statistical analysis.
Activation Paradigms
Following an order from the examiner to start the tasks, the subject should alternately touch the thumb with the finger tips on the hand indicated until told to stop. In case of error, the sequence should be restarted. The sequences of finger movements used were: A) 16 finger-to-thumb opposition movements with fingers 2-5: 2-2-3-4-4-4-5-5-5-5-4-4-4-3-2-2; B) 12 finger-to-thumb opposition movements with fingers 2-5: 5-4-3-5-4-2-5-3-2-4-3-2 (omitting one subsequent finger each time). The self-initiated sequence (A) described by Roland et al. [8] was shown 20 minutes before the exam, so the subjects could train to perform a quick sequence. The externally triggered (B) [17] had an unpredictable nature. The subjects viewed the task pictures projected onto a screen through a mirror attached to the head coil in the scanner (Figure 1 ). Images prepared in Microsoft Power Point program, consisted of hands, right and left, with signs of the fingers that progressively should be touched, alternating every second (paced at 1 Hertz) and interrupted by the inscription STOP at the end. The 36-s rest periods were followed successively by 36-s task periods, once with the right hand, once with the left hand.
Delineation of the SMA in fMRI
The SMA was delimited from the Talairach space that is defined in a sagittal section by the intersection of the Figure 1 . Siemens magneton vision system during the unpredictable projected manual task (task B).
bicommissural line (anterior commissure-posterior commissure) and a perpendicular line crossing the anterior commissure (VCA) at the midline [18] . The VCA line is the anatomical anterior limit, separating the pre-SMA (rostral to the VCA line) from the SMA proper (caudal to the VCA line). Another line, also perpendicular and which crosses the posterior commissure (VCP) at the midline coincides with the medial precentral sulcus, which properly defines the posterior limit of the SMA and separates the Brodmann area 6 from area 4 [19] [20] . SMA is also limited to the cortex on the medial wall of the hemisphere, extending from the top of the brain to the depth of the cingulated sulcus, including the dorsal bank of the cingulate sulcus [21] [22].
Statistical Analysis
The quantitative data on the hemispheric and bilateral activations of the SMA (hot spots/total spots) were described by using the average and standard deviation. For the categorical data, we used frequencies and percentages. The comparisons between the readings were made with Student's t-test for independent or paired samples as the situation required. Event comparisons were made using the Binomial test and, when necessary, Fisher's exact test [23] . In the dispersion graphs, we calculated the residuals of linear regression line to obtain estimates of the hemispherical activations [24] and established the convention that the right side is positive and the left is negative. The equation used for obtaining the residuals was: res = −(y − x). As an aid to the evaluation of the magnitude of the differences obtained in the comparisons, we used the statistic of the effect size (ES) and Hopkins's criteria to interpret its magnitude [25] .
Results
Activation of the SMA during Two Sequential Voluntary Movements
Between the self-initiated (task A) and unpredictable projected (task B) manual tasks, task A performed with the right hand showed a greater degree of activation in the bilateral SMA (18.6%) (Figure 2 
Comparison between Right-and Left-Handers
Task A performed with the right hand produced the highest mean activation value in the bilateral SMA either in the right-handed (20.5%) or left-handed group (16.7%) (Figure 3(a) ). In this task, the left SMA was proportionally more activated in both groups (24.4% in the right-handed and 19.3% in the left-handed) compared to the right SMA (18.5% in the right-handed and 15.0% in the left-handed) (Figure 3(b), Figure 3(c) ) as shown in the example of a volunteer in Figure 4 . In task A with the left hand, we found a significant difference in favor of right-handers (Figure 3(a) ), mainly when considering only the left SMA activation (ES = 0.69) (Figure 3(b) ). The use of the left hand in the left-handers produced the lowest mean activation values in the bilateral SMA and there was practically no difference between tasks A (12.6%) and B (12.0%) (Figure 3(a) ), as it also happened in the left SMA (Figure 3(b) ). However, in the right-handers, when using the dominant hand, the difference in activation between tasks A (20.5%) and B (14.0%) was significant in favor of task A (ES = 0.62) (Figure 3(a) ), and a little higher in the right SMA (Figure 3(c) ). Task B carried out with the right hand caused lower activation in the right-handed group (14.0%) (Figure 3(a) ), mainly in the right SMA (11.0%) (Figure 3(c) ). Task B executed with the left hander caused lower activation in the left-handed group (12.0%) (Figure 3(a) ), especially in the left SMA (10.4%) (Figure 3(b) ). Left SMA activation with tasks A and B was always higher in the right-handers, except in task B performed with the right hand, in which the mean activation value was equivalent between left-handers (16.3%) and right-handers (16.1%). Also related to the left SMA activation, we observed among the left-handers a significant difference in favor of the use of the right hand in both task A (ES = 0.83) and in task B (ES = 0.88). In the left-handed group, the greatest activation in the right SMA was obtained with task B carried out with the right hand (15.8%) as shown in the example of a volunteer in Figure 5 . In this task, there was the greatest but non-significant activation difference between right-and left-handers in the right SMA. A greater number of activations with ipsilateral predominance was demonstrated in the right SMA with tasks A and B in the group of left-handers and only with the task A in the group of right-handers (Figure 3(c) ).
In the left-handers, tasks A and B performed with the left hand produced a greater activation in the right SMA (res lh task A = 2.7; res lh task B = 4.4). In the same tasks the right-handers had a tendency toward neutrality with a small excess toward the left side (res rh task A = −1.9; res rh task B = −1.1) (Figure 6(a) and Figure 6(c) ). In this situation, there was a significant difference in favor of the left-handers both in task B (ES = 1.12) and task A (ES = 0.89). In tasks A and B performed with the right hand, there was greater activation in the left SMA by right-handers (res rh task A = −5.9; res rh task B = −5.1). In task A with the right hand, the left-handers also showed greater activation in the left SMA, but had a tendency toward neutrality in task B (res lh task A = −4.3; res lh task B = −0.4) (Figure 6(b) and Figure 6(d) ). Thus, in task B with the right hand, there was a significant difference in favor of the right-handers (ES = 0.6).
In the majority of the tasks (6 of 8 events; p = 0.109) there was a predominance of activation in the left SMA (Figures 6(a)-(d) ). Task B did not determine any activation in the SMA in two volunteers with left handedness regardless of the hand used. Task B executed with the right hand also did not demonstrate activation in one right-handed volunteer (Figure 7) . However, task A induced activation in the SMA in all twelve subjects tested.
Discussion
The medial wall of the frontal lobes appears to be involved to a similar degree both in internal and external tim- ing mechanisms [26] [27], supporting the temporal organization of multiple movements [28] [29] . Many of the paradigms that have been tested demonstrate relationship with the increase of the fMRI signal in the SMA, amongst which are the complexity of the movement, the self-initiation or the external signalization, the unpredictability of the task and its time of initiation, the bimanual coordination and the motor learning [22] [30]- [37] . In this study, there was a significantly greater SMA activation with the self-initiated task, which is more complex than the externally triggered task. Using the same complex sequence that we applied, other authors demonstrated that the activity in the SMA depends on the complexity of the unilateral manual movement [3] [4] . fMRI studies using visually guided motor task demonstrated increased activation of multiple secondary motor areas when the movement sequence is unknown without respective signal change in the M1 [22] [35] . Thus, with the aim of increase SMA activation, the complexity and the unpredictability were used separately in each task of this study. However, despite the unpredictability of the visually projected manual task intending to exclude the access to already established motor programs, we demonstrated a predominance of SMA activation with the self-initiated motor task. This supports the idea that the task with its respective degree of complexity is the principal determinant of SMA activation. Another hypothesis to be considered is that the SMA appears to be involved in the preparation of movement sequences through memory in the absence of visual signals as demonstrated by the cortical neuronal recordings in monkeys [6] [28] . This is in agreement with various authors who indicate a crucial role of the SMA in learned and internally generated voluntary motor behavior, especially in the preparation and initiation of complex tasks [2] [38] [39] .
The fact that both SMA are activated during sequential manual movements as demonstrated by this study could indicate that the elaboration of motor subroutines is bilateral. Studies using PET and fMRI, including right-and left-handed volunteers, demonstrated bilateral SMA activation related to unilateral movement, especially when it was complex [2] [8] [40] . Anatomical and surgical data support the idea that the SMA consists of a bilaterally organized system and probably contributes to bimanual coordination [13] [41] . This can explain our findings of bilateral SMA activation, however, with a predominance of activation in the SMA contralateral to the hand used in both manual tasks.
On examining the influence of handedness on SMA activation, our findings suggest that the complexity of the manual task executed with the dominant hand has a greater SMA activation effect in right than left-handers. Also there is no literature consensus about the asymmetry of contralateral activation in the sensorimotor cortex between right-and left-handed people [42] and suggested that the reason for this asymmetry found especially in right-handers lies in the difference in the complexity of manual movement, which is difficult for right-handers when performed with the left hand [1] . An established result is that the inter-manual difference in hand skill is most often reduced in left-handers [44] , while right-handers exhibit a stronger degree of hand preference at handedness inventories [45] . These differences in neuronal effort substantially contribute to handedness-specific activation patterns during manual motor tasks [46] . In the first publication addressing SMA and handedness, Dassonville et al. described a hemispheric dominance of the left human SMA in right-and left-handers [22] , which was in accordance with the data of the present study. The explanation may lie in the fact that there are monosynaptic motoneuronal connections projected directly from the SMA (94% contralateral and 6% ipsilateral) [13] , that special movement conditions determine a greater activation in the left SMA, or in fact that the left hemisphere is dominant for movement control.
The right SMA activation, contrary to what one might expect, was not always higher in left-handers, which again demonstrated that the difficulty of the task seemed to have a greater impact on the degree of SMA activation in the right-handed group. Mattay et al. also found greater ipsilateral SMA activation during a more complex task with the dominant hand in right-handed volunteers [47] . According to Fried, the right SMA may be part of the right cerebral system dominant for attentional and intentional mechanisms directed at the body and the external space in which motor activity takes place [48] . Thus, the right SMA is more involved in bilateral motor control, whereas the left SMA is involved primarily in control of the contralateral (right) side of the body, and consequently the left side of the body may have less supplementary motor representation than the right side.
Other authors also reported that ipsilateral activations are more pronounced during left hand movements executed by a right-hander and depend on the complexity of the task [2] [3] [49] - [51] . Entirely in line with the results reported here, Verstynen et al. showed that hemispheric asymmetries observed in dorsal premotor cortices during ipsilateral movements of left-handed people tended to decrease for more complex movements [52] . These and other authors also observed a marked tendency towards left hemispheric involvement in complex motor control for both right-and left-handed subjects hemisphere activation, instead of the expected contralateral dominance and regardless of which side the task was performed on, which was consistent with this study and suggested that this effect reflected rather hemispheric specialization than handedness [40] [52] .
In some situations no SMA activation was observed with the unpredictable visually guided task, indicating in these cases a probably individual variation in which the SMA participation was directed towards more selected aspects of movement. According to Scholz et al., whereas various motor tasks invariably produce motor cortical activation, basal ganglia and SMA occasionally do not demonstrate activation [40] . There is also evidence that the individual differences in activation are related with the underlying brain structure more specifically with the gray matter [45] .
Because of the possibility of motor learning and lower SMA activation in one right-handed volunteer who had explained the complex motor self-initiated task to the others, we decided to compare him with all the other volunteers. We found that when this task was carried out with the left hand, the activations obtained by using the Z score were significantly lower than all the other eleven volunteers in the bilateral, left and right SMA. However, when the movement was performed with the right hand, the activation observed in the left SMA was significantly higher than the others. These data support the idea that in addition to the complexity of the movement, the amount of training carried out also affects the activation of SMA [53] [54]. After learning, task difficulty decreases and unilateral brain area can accomplish the task, thus less depending on the other side of the brain [51] . In this case, it can be equally proposed that the left side of the SMA is dominant in selecting a specific action within a group of memorized tasks. This may reflect an optimization process in which the minimal circuits needed to accomplish a behavior are, with training, selected from redundant sensorimotor connections.
The limitations to this study include the small sample size typical of fMRI studies, which limits generalizability of findings. Moreover, less complex self-initiated and unpredictable sequences could be added to best demonstrate the differences in SMA activation related to the handedness.
Conclusion
In summary, we have shown bilateral SMA activation with motor tasks in normal right-and left-handed subjects. The self-initiated complex motor task induced the highest degree of SMA activation. The left SMA was significantly more activated in right-and left-handers while performing the motor tasks with the right hand. The right SMA was more activated in the left-handers when the motor tasks were executed with the left hand. These results suggest that task complexity is the most important factor influencing the degree of SMA activation and also that the laterality of SMA activation is affected by manual dominance. Given the current interest in cortical re-organization and neuroplasticity of the motor cortical areas and the important role played by the non-dominant hemisphere, this study provides more data regarding SMA activation and handedness in motor control, though additional experiments combining structural and functional imaging, behavior and handedness within the same group of participants are necessary to understand the determinants of lateralization.
